Method-Computer supported shunt test-
ing, based on the new International Standard Organisation directives, characterises various aspects of pressure-flow performance of shunts such as variability with time, susceptibility to reflux, siphoning, temperature related behaviour, external pressure, the influence of a strong magnetic field (for example, MRI), presence of pulsation in differential pressure, particles in drained fluid, etc. Results-Seven different models of valves, representing most common constructions, have been tested so far. Most contemporary valves have a hydrodynamic resistance which is too low. This may result in overdrainage both related to posture and during nocturnal cerebral vasogenic waves. A long distal catheter increases the resistance of these valves by 100%/o-200%. Most shunts are very sensitive to the presence of air bubbles and small particles in drained fluid. Few shunt models offer reasonable resistance to negative outlet pressure, preventing complications related to overdrainage. Valves with an antisiphon device may be blocked by raised subcutaneous pressure. All programmable valves are susceptible to overdrainage in an upright position. Conclusion-The behaviour of a valve during such testing is of immediate relevance to the surgeon and may not be adequately described in the manufacturer's product information. Hydrocephalus shunts drain excess CSF from the fluid spaces of the brain to elsewhere in the body. An ideal shunt should restore the normal circulation of CSF and the normal pattern of extrachoroidal fluid flow within the brain, prevent excessive build up of intracranial pressure, and encourage restitution of the cerebral mantle, comprising both grey and white matter. This is difficult to achieve because CSF reabsorption works as a "physiological" shunt with unique properties. The rate of CSF reabsorption is proportional to the difference between the CSF subarachnoid pressure and sagittal sinus pressure. Reabsorption ceases if this difference becomes negative, acting as a valve in which the opening pressure is equal to the sagittal sinus pressure.' 2 Posture related hydrostatic differences between the CSF and sagittal sinus pressures do not exist; hence drainage is not accelerated in an upright position. So far, attempts to produce a shunt which restores physiological mechanisms have failed.' 4
Various shunt products are available on the market but there is little systematic knowledge available by which their comparative cost effectiveness can be judged by the practising surgeon. Some 80% of shunts fail within 12 years, with the patient, surgical technique, and shunt technology each playing a part.56 The surgical management of hydrocephalus alone represents an annual multimillion pound investment by the National Health Service. Historically, surgical devices, unlike new drugs, have been introduced with only modest, formal independent scrutiny.
Various laboratory techniques have been described for testing the physical performance of shunts.8-'0 The aim of the United Kingdom Shunt Evaluation Laboratory, founded by the Department of Health Medical Device Agency, is to assess systematically the hydrodynamic properties of all shunts available on the United Kingdom market independent of the manufacturer. Tests have been designed to characterise the shunt's ability to drain CSF, to check whether the shunt performs according to the manufacturer's specification, whether it complies with the international standard, and to provide a ready source of reference to practical information for the surgeon, physician, or interested patient or relative.
The intention of this paper is to describe the methodology of shunt testing and present the most important properties relevant to treatment of hydrocephalus with seven models of contemporary shunts. (fig 2) . During the pressure-flow tests, flow through the shunt is measured while the differential pressure across the shunt is controlled by the falling level of the water column as fluid flows out of the container. In flowpressure tests, flow through the shunt is controlled by changing the rate of the infusion pump. Flow is the independent variable and the resulting differential pressure is the dependent variable. These two regimes are able to measure both the shunt's ability to drain CSF according to current differential pressure (pressure-flow) and a pressure response to the forced flow through the shunt (flow-pressure) to describe how the shunt stabilises an intraventricular pressure.
Both outlet level (0) Closing pressure is a differential pressure below which flow through the shunt ceases. It is measured as the intercept of the regression line with the x axis, drawn between pressure (x axis) and flow (y axis) for flows from 0-2 to 0 05 ml/min.
Hydrodynamic resistance is defined as the change in pressure divided by the decrease in flow from about 1 2 to 0-3 ml/min-that is, as the linear regression gradient between pressure and flow.
Differential pressures for high flow (0-83 ml/min), and for low flow (0-083 ml/min) are measured and compared with the values given by the manufacturers (the range defined by the new ISO/DIS 7917 standard).
Additionally, during the flow-pressure tests the opening pressure is measured as the minimum differential pressure above which nonzero flow through the shunt is measured during the ascending ramp of the infusion rates ( fig 2B) .
Results Table 2 presents a summary of the most important variables.
PRESSURE-FLOW CURVES
The pressure-flow performance curves have an exponential non-linear shape for the diaphragm (Delta, LPV) and mitral (In-line) valves (fig 3) . "Ball on a spring" valves (Medos, Sophy) have a more linear pressure-flow curve. The mechanical performance of the spring and the cone shape in which the ball is travelling have an influence on non-linear distortion of the pressure-flow performance curve within the range 13 15 Pressure (mm Hg) of low flows (< 0 1 ml/min). A flow regulating valve (Sigma) has a pressure-flow curve of unusual shape, resembling that seen during autoregulation of cerebral blood flow (fig 3) . The pressure-flow curves may fluctuate in time (In-line, LP), depending on the presence of a pulse wave in differential pressure (Medos, LPV) (fig 4) , or negative outlet pressure (Medos, Sophy, In-line, Sigma).
HYDRODYNAMIC RESISTANCE OF SHUNTS
The static resistance of some of contemporary shunts (Delta, Medos) is much lower (< 2-5 mm Hg/ml/min) than the physiological value of 6-10 mm Hg/ml/min. The connection of a standard catheter (1 -2-1 3 mm internal diameter, 90-120 cm long, resistance from 2 mm Hg/ml/min to 2 6 mm Hg/ml/min per 1 m) increases resistance of these valves to 50-80% of the physiological value (fig 3 and table 1) . Resistances of the LPV and In-line valves are close to the physiological range. The LP shunt has high resistance resulting from the hydrodynamic resistance of thin and long tubing (0-8 mm diameter). The Sigma valve has theoretically infinite resistance within the range of flow regulation. Figure 5 When the difference between opening and closing pressure is significant, fluid flow may produce oscillations of the amplitude comparable to P (-P,,s,(A). The phenomenon occurs at physiologicalflow rates (< 0 4 mllmin on average; production rate for CSF is 0 3 ml/min), and is unable to keep the shunt permanently open. Ifflow increases much above the normal CSF production rate (B; to the rightfrom the black vertical line), the waves disappear and the differential pressure remains permanently higher than the valve's opening pressure (Sigma valve).
OPENING AND CLOSING PRESSURE
Opening and closing pressure was much better defined in "ball on spring" than in silicone diaphragm valves. The later constructions usually have a tendency to "leak" at very low flow rates (< 0 05 ml/min), a phenomenon which can be detected only using very accurate testing equipment. Therefore, the closing pressure measured in such valves (Delta, LPV) was lower than specified. In both valves closing pressure increased to the specified range after connection of a standard peritoneal catheter (fig 3) .
In all shunts not equipped with an antisiphon or siphon control mechanism, the opening and closing pressures are strongly affected by the negative outlet pressure. In addition, the opening and closing pressures may be affected (decreased) by the presence of pulse pressures, particularly when stiff springs are used (Medos) . The difference between the opening and closing pressures reflects a hysteresis of the pressure-flow performance curve which theoretically may lead to unstable behaviour of the shunt. A particularly wide hysteresis was found in the Sigma valve. Pressure waves of different periods (usually from a few seconds to one minute) and amplitudes theoretically equal to a difference between the opening and closing pressure may be recorded when fluid flow is forced through the shunt at a rate equivalent to the normal CSF production rate of 0-3 ml/min ( fig 5) .
SHUNTS IN ALTERED CONDITIONS
Siphoning (-23 mm Hg, according to the new ISO standard) increases drainage rate (> 1 ml/min) dramatically in all valves not equipped with a siphon preventing mechanism (In-line, Medos, Sophy). Delta and LPV valves prevent siphoning. The Sigma valve, being a flow regulating device, also prevents siphoning related overdrainage, providing that CSF ventricular pressure in an upright position does not exceed +5 mm Hg.
External pressure (up to 7 mm Hg according to the ISO standard) does not have a noticeable influence on shunts, with the exception of shunts with antisiphon membranes (Delta, LPV). In these shunts the closing pressure is increased by a value equivalent to the external pressure. A strong magnetic field (as in MRI scanners) does not affect most shunts, with the exception of those programmable by external magnets (Sophy and Medos). These shunts may be reprogrammed at random by a static or~~~. None of the shunts (except the which increases its resistance with ti bly being gradually blocked by ultraE cles deposited in a long thin tube; this also happens to a small extent with the In-line valve), showed a significant change in variables during one month of testing. None of the shunts was damaged due to shock waves of up to 200 mm Hg (simulated coughing). Programmed operating pressure (cm H20) Progressive changes in behaviour of a valve (noted with testing valve using an infusion study23) will be detected with such testing. * Setting of externally programmable valves should be checked after MRI or when unpredicted symptoms occur. This testing laboratory has evolved over the past five years from a very simple rig created by Helen Adams, a fourth year medical student in Southampton.
